Quantified electroencephalography (qEEG) was used to compare cerebral electrical variations while human subjects (10 males and 10 females) were observing and executing finger movements and while they were resting. Video recording enabled elimination of subjects performing involuntary movements. EEGs were recorded from 14 sites in seven frequency bands: theta 1, theta 2, alpha 1, alpha, beta 1, beta 2 and beta 3. Analyses were performed on logarithmically transformed absolute spectral power values. Both observation and execution of finger movements involved a decrease in spectral power compared with resting. This decrease was significant only for the alpha 1 frequency band (7.5-10.5 Hz) and it involved nine of the 14 electrode locations (F7, F8, F4, T6, T5, C3, C4, P3 and P4). This indicates that the motor cortex and the frontal cortex are specifically activated by both observation and execution of finger movements. These results provide evidence that observation and execution of movement share the same cortical network.
Introduction
The results of several studies suggest that execution, observation and imagination of movement share the same neural network. di Pellegrino et al. (1992) first suggested an overlap between neural mechanisms for execution and observation of movement. Two animals studies (di Pellegrino et al., 1992; Gallese et al., 1996) showed that certain neurons (called 'mirror' neurons) of the premotor cortex in the monkey were activated during both execution of a specific hand movement and observation of that same movement performed by an experimenter. A similar result was revealed by magnetic stimulation in human adults (Fadiga et al., 1995) and the researchers concluded that there is a neural system matching observation and execution of action. Jeannerod (1994) and Decety & Jeannerod (1995) showed that the activation of motor representations by mental imagery involves the same neural mechanisms as those involved in planning of voluntary movement. They assumed the existence of representational neurons which may be activated not only in response to the execution of an action but also when it is imagined. PET has been used to study brain activation during observation of hand movements. Rizzolatti et al. (1996a) showed that, in the human brain, there is a system devoted to hand action recognition. The cortical areas forming it are located in the left temporal and frontal regions. Furthermore the pattern of brain activation is different according to whether the observed action is meaningful or meaningless (Decety et al., 1997) . Meaningless actions engage the right occipitoparietal pathway while meaningful actions involve the left hemisphere in frontal and temporal regions. This indicates that, in addition to the production of move-ments, the motor cortex is also involved in the recognition of the meaning of gestures made by others. This second role for the motor cortex may be a very important factor in determining action selection, particularly that related to interpersonal relations. While studies performed with PET demonstrate interesting results, they are not easily used in childhood disorders because of the high costs, premedication and radioisotopic tracers required for this technology. A series of protocols has been undertaken in our laboratory using quantified EEG. This method has many advantages: low cost, simplicity of utilization, lack of invasiveness and excellent temporal resolution. A qEEG study revealed that visual perception of human movement compared with nonhuman movement involves blocking of the murhythm in centroparietal areas of both hemispheres (Cochin et al., 1998) . The aim of the present study was the detection of relationships between observation and execution of finger movements and cortex activation by means of qEEG.
Materials and methods

Subjects
The study was performed on 10 male and 10 female healthy student volunteers aged 21-28 years (mean 25 years). Informed consent was obtained from each subject before testing, and the protocol was approved by the Scientific Council of INSERM. All subjects were right-handed, with a normal EEG and no history of neurological disease. They were seated in a comfortable armchair in a halfdarkened sound-proof room. All volunteers were blind to the purpose of the experiment. Subjects were video-recorded during experiment in order to eliminate those whose moved their hands involuntarily during movement observation.
Experimental procedure
The subjects were asked to remain as still as possible during all recording periods.
There were three different experimental conditions, each lasting 20 s and separated by an interval of 15 s: condition R, resting condition with eyes open; condition O, bimanual movement observation during which the subject observed the experimenter executing 10 pincer movements with the thumb and index finger, with both hands and with elbows flexed at 90°(frequency, one movement every 2 s); condition E, the subject performed the previously described movements. Subjects were subdivided into two groups of 10, the first group performed the experimental procedure n the sequence R-O-E and the second as R-E-O in order to eliminate possible effects related to condition. Each trial started with a short warning tone. After receiving instructions concerning the experimental tasks, an EEG was recorded for each subject on the same time of day. EEG recordings lasting 14 s were made during each condition, with intervals of 2 s.
Apparatus
The EEG was recorded with a common average reference from 14 Ag/AgCl electrodes (F7, F3, T3, T5, C3, P3, O1, F8, F4, T4, T6, C4, P4 and O2) located according to the International 10-20 system with the B.E.S.T. system (Fa. Grosseger, Korneuburg, Austria). The ground electrode was positioned on the forehead. Vertical electrooculogram (EOG) was measured with electrodes 2 cm above and below the middle of the left eye and horizontal EOG electrodes were placed as close as possible to the left and right outer canthi of the eyes. Amplifier bandwidth was set between 0.5 and 35 Hz. Impedance was kept Ͻ 10 kΩ in all cases. The EEG was sampled at 256 Hz, with an elementary period of 2 s, and stored on a hard disk for further analysis. The stored raw data were first analysed visually off-line to eliminate EEG segments contaminated with ocular or muscular artefacts. Automatic EOG correction was then performed on EEG data using regression analysis.
Analysis
Fast Fourier Transform was computed for each condition and a measurement was obtained for each electrode as follows: absolute power (AP) in each of the seven frequency bands, theta 1 (3-5.5 Hz), theta 2 (5.5-7.5 Hz), alpha 1 (7.5-10.5 Hz), alpha 2 (10.5-13 Hz), beta 1 (13-18 Hz), beta 2 (18-25 Hz) and beta 3 (25-35 Hz). The logarithm transformation for AP values (Log AP) was obtained in order to achieve Gaussian distributions for statistical analysis. The interhemisphere differences were studied first. Analysis of variance (ANOVA) of AP-transformed Log values in three dimensions [Hemisphere (n ϭ 2) ϫ Electrode (n ϭ 7) ϫ Condition (n ϭ 3)] for withinsubject repeated measurements (ANOVA/MANOVA procedures with Statistica 1991 TM , Statsoft Inc., Tulsa, OK, USA) enabled us to clarify the derivations (F7-F8, F3-F4, T3-T4, T5-T6, C3-C4, P3-P4 and O1-O2) in which a significant difference between hemispheres appeared. When the Condition-Electrode interaction was significant (P Ͻ 0.05), a twoway repeated measures ANOVA [Condition (n ϭ 3) ϫ Electrode (n ϭ 14)] was performed to appreciate the modifications in intensity for each electrode, and then oneway repeated measures ANOVA was performed for each electrode. Post hoc tests (Newman-Keuls) were used for the Condition factor.
Results
Interhemisphere differences
The F-values from the comparison of power spectra between hemispheres, extracted from threeway ANOVA, are displayed in Table 1 .
No interhemisphere interaction (Hemisphere-Condition) was found in any frequency band. For four frequency bands (theta 1, theta 2, alpha 1 and alpha 2) a Hemisphere-Electrode interaction was found, indicating an interelectrode difference but there was no no main hemisphere difference. A significant main effect of Electrode (P Ͻ 0.001) was observed for all frequency bands, whereas there was no significant main effect for Hemisphere (except in the theta 2 band). There were significant Condition effects in five frequency bands: theta 2, alpha 1, beta 1, beta 2 and beta 3. Post hoc tests (Newman-Keuls) performed on the main Electrode effects showed that the mean of Log AP in centroparietal electrodes was always lower than that in occipital electrodes. The mean of Log AP progressively decreased from occipital, temporal and frontal electrodes towards the centroparietal electrodes in all frequency bands. Post hoc tests performed on the main Condition effects demonstrated that the R condition was always higher in mean Log AP than the E and O conditions. The R condition was always significantly different from the O and E conditions in each frequency band tested.
Intercondition differences
In this study, Condition-Electrode interactions were only significant at P Ͻ 0.05 in the alpha 1 rhythm ( Table 1 ). The result of twoway ANOVA performed in this frequency band revealed a lower probability value (F 26,494 ϭ 1.546, P ϭ 0.043).
For the alpha 1 rhythm, the spectral intensity was higher for the R condition than for E and O conditions (R Ͼ E Ͼ O). The main Condition effect revealed that the R condition was very significantly different from the E (P ϭ 0.0043) and O (P ϭ 0.0006) conditions. These differences were due to a decrease in power for O and E conditions compared with the R condition (Fig. 1A) . Furthermore, these three conditions presented the same appearance for each electrode; the signals from C3 and C4 were lower in intensity than other electrodes, whatever the task and, similarly, the signals from O1 and O2 were higher in intensity than other electrodes. Post hoc tests (Newman-Keuls) performed for each electrode in the alpha 1 band demonstrated that nine electrodes were significantly different for the R condition compared with O and E conditions. These results involved the F7, T5, C3, P3, F8, F4, T6, C4 and P4 sites. It is interesting to note that these significant electrodes were strictly symmetrical (except F4). No difference was found between the E and O conditions. The probabilities resulting from the post hoc test are illustrated by statistical probability maps in Fig. 1B .
Discussion
The results of the present experiment demonstrate that observation and execution of a movement activate the same cortical areas, compared with resting. It is clear that two regions are involved in both observation and execution of a movement, and these regions are related to the posterior frontal cortex by F7 and F8 electrodes and to the motor cortex, including the posterior temporal cortex, by T5 and T6, and the centroparietal cortex by C3, C4, P3 and P4. These findings provide additional evidence that observation and execution of a movement share the same neural network. These results are in agreement with those described by di Pellegrino et al. (1992) , Gallese et al. (1996) and Fadiga et al. (1995) . Only alpha 1 rhythm (7.5-10.5 Hz) is significantly involved. The alpha 1 rhythm is related to the mu-rhythm, which is specifically sensitive to sensorimotor events (Kuhlman, 1978; Pfurtscheller & Berghold, 1989; Arroyo et al., 1993; Pfurtscheller & Neuper, 1994; Stancak & Pfurtscheller, 1996; Cochin et al., 1998) . This research shows that the mu-rhythm was blocked (decrease in spectral power) while subjects were observing or executing the same movement.
One of the fundamental functions of the premotor cortex is that of retrieving appropriate motor actions in response to sensory stimuli. Zihl et al. (1983) assumed that if impairment of motion perception appears during child development, it can result in disorders of social perception and social understanding. It has been reported that a 43-year-old woman who had suffered from bilateral cerebral posterior lesions lost her ability to understand and to interpret her external environment; it was likely that this disorder was the result of selective motion perception disorder and consequently she could not fit her gestures to the situation (Lhermitte et al., 1986) .
Our findings indicate a tendency for left hemisphere asymmetry localized in the central area of the cortex. This activation in the left hemisphere has been observed during both observation and execution of movements. PET studies during hand movement tasks demonstrate an increase in cerebral blood flow in the left hemisphere, both during execution (Bonda et al., 1994 (Bonda et al., , 1996 Parsons et al., 1995) and observation (Rizzolatti et al., 1996b; Decety et al., 1997) and this activation always involves area 45 (Broca's area). In an EEG study of hemisphere specialization in the alpha band (8-12 Hz), over parietal regions of the two hemispheres, Dawson et al. (1985) showed that the left hemisphere is concerned with the production of facial and manual motor imitation. These results show that motor imitation, a communicative function, preferentially involves the left hemisphere, as does language. Kimura (1976) maintained that a similar development of manual movements and communicative movements existed in the course of language and communication evolution in humans; i.e. the manual communication system developed with vocal communication system over the course of evolution. In view of the importance of early motor and gestural imitation during the development of verbal and nonverbal communication, it seems clear that neural structures involved in early behaviours required for langage are related to the area of the left hemisphere responsible for langage, but they develop later. Broca's area is thus a region involved not only in linguistic functions but also in motor production. These two functions are closely related to interpersonal communication.
Our results provide evidence that observation and execution of movement share the same cortical network. According to Rizzolatti et al. (1996a) observation/execution mechanisms play a role in understanding the meaning of actions. Gallese et al. (1996) proposed that imitation processes could be based on an observation/execution matching mechanism similar to that represented by 'mirror' neurons. They argued that in humans the mirror system could be related to Broca's area which could be involved in action recognition. The child's observation of the world around him is a means of acquiring knowledge of how to do things and how to behave. Learning by observation and by imitation are thus ways of acquiring social and motor skills. The existence of a common cortical circuit for observation and execution of movement permits adaptation of motor skills during interpersonal exchanges and learning of social conventions and, thus, acquisition of social skills.
Abbreviations AP , absolute power; EOG , electro-oculogram; E, (condition) the subject performed the previously described movements; R, resting (condition) with eyes open; O, (condition) observation of bimanual movements; qEEG , quantified electroencephalography.
